Abstract. Observations of a¯ux transfer event (FTE) have been made simultaneously by the Equator-S spacecraft near the dayside magnetopause whilst corresponding transient plasma¯ows were seen in the nearconjugate polar ionosphere by the CUTLASS Finland HF radar. Prior to the occurrence of the FTE, the magnetometer on the WIND spacecraft~226 R E upstream of the Earth in the solar wind detected a southward turning of the interplanetary magnetic ®eld (IMF) which is estimated to have reached the subsolar magnetopause~77 min later. Shortly afterwards the Equator-S magnetometer observed a typical bipolar FTE signature in the magnetic ®eld component normal to the magnetopause, just inside the magnetosphere. Almost simultaneously the CUTLASS Finland radar observed a strong transient¯ow in the F region plasma between 78°and 83°magnetic latitude, near the ionospheric region predicted to map along geomagnetic ®eld lines to the spacecraft. The¯ow signature (and the data set as a whole) is found to be fully consistent with the view that the FTE was formed by a burst of magnetopause reconnection.
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Introduction
Transient signatures termed``¯ux transfer event'' (FTEs) were ®rst observed at the Earth's dayside magnetopause by Russell and Elphic (1978) in magnetic ®eld data from the ISEE-1 and -2 spacecraft, and by Haerendel et al. (1978) in equivalent data from HEOS-2. The principal eects consist of a few-minute bipolar excursion of the ®eld component normal to the magnetopause, together with evidence of mixed magnetosheath-magnetosphere plasma populations. Subsequent work as shown a statistical association with southward ®elds in the IMF (e.g. Rijnbeek et al., 1984) . Although most evidence points to pulsed reconnection as the source of FTEs (e.g. Lockwood, 1991) , it has also been suggested that they may result from changes in the plasma pressure external to the magnetosphere (e.g. Sibeck, 1994) .
In the 20 years since their discovery there has been considerable interest in the ionospheric signature of FTEs, since these provide means of examining their`g lobal'' characteristics, and also allow discrimination between models of their physical origins. If we consider the ionospheric¯ow, in particular, then pulsed reconnection should result in the formation of``¯ow channels'' on newly-opened cusp ®eld lines of 5±10 min duration, where the¯ow direction depends on the direction of the IMF (Cowley and Lockwood, 1992) . Pressure changes should instead produce paired¯ow vortices mainly on closed ®eld lines, which should propagate azimuthally away from noon (Kivelson and Southwood, 1991) . Both types of¯ow have been reported in the literature, the former e.g. by Lockwood et al. (1990) , Pinnock et al. (1993 Pinnock et al. ( , 1995 , Milan et al. (1998) and Provan et al. (1998) , and the latter e.g. by Glassmeier (1992), and LuÈ hr et al. (1993) . However, there have been very few opportunities to date to examine directly the relationship between FTEs observed at the magnetopause and their ionospheric¯ow signatures. In fact only one published observation is known to us, by Elphic et al. (1990) . Although the radar ow data employed by these authors were of limited spatial coverage and temporal resolution (two radar pointing directions with a 5 min cycle), they were sucient to provide one example of the simultaneous occurrence of FTEs at the magnetopause and pulsed ionospheric¯ows of similar recurrence time. This work addresses two questions. First, is it possible to demonstrate a convincing connection between individual FTEs observed at the magnetopause and corresponding transient¯ows in the ionosphere? Second, if this is the case, can the¯ow observations be used to provide information about the physical origins of the FTE? Here we discuss an interval of simultaneous Equator-S magnetic ®eld data from the vicinity of the magnetopause, highly space-and time-resolved¯ow data from the CUTLASS Finland radar, and contextual information on the upstream interplanetary medium from the WIND spacecraft, to show that we can answer``yes'' to both these questions.
Instrumentation

Interplanetary data: WIND spacecraft
Data on the interplanetary ®eld and plasma conditions upstream of the magnetosphere during the interval 0900±1000 UT on 4 January 1998 were obtained by the magnetometer (Lepping et al., 1995) and 3DP plasma instrument (Lin et al., 1995) on the WIND spacecraft. During this interval the spacecraft was located at GSM (X, Y, Z) = (226, 21,A3) R E . Using prevailing interplanetary parameters (a solar wind speed and density of~345 km s A1 and~6 cm A3 ), the delay for IMF features to propagate from the spacecraft to the subsolar magnetopause is estimated to have been~77 5 min. The slowing of the¯ow across the bow shock and in the magnetosheath has been taken into account in making this estimate, where we have used the empirical bow shock and magnetopause models of Peredo et al. (1995) and Roelof and Sibeck (1993) (hereafter referred to as R&S).
Magnetopause: Equator-S spacecraft
The Equator-S spacecraft was launched on 2 December, 1997, into an initial geostationary transfer orbit, and was then boosted to a higher apogee on 11 December. The FTE described here was observed near apogee at 1020 UT (~0910 MLT) on 4 January, 1998, when the spacecraft was~11.3 R E from Earth at GSM (X, Y, Z) = (8, 7, 4) R E . This occurred during the spacecraft commissioning phase when only the magnetometer was continuously operating. The spacecraft trajectory is shown in Fig. 1a , together with two R&S magnetopause positions corresponding to interplanetary conditions appropriate to the interval (see later).
Polar ionosphere: CUTLASS Finland HF radar
Details of the CUTLASS HF radars are given in Milan et al. (1997) . The CUTLASS Finland radar ®eld-of-view (FOV) is shown in Fig. 1b , where ionospheric plasma velocities are displayed for 1022 UT on 4 January, 1998, (discussed later). During this experiment a special high space-and time-resolution scan mode was run, with 30 km range gates and with each beam scanned for 2 s in a 32 s sweep over the 16 beams (from beam 15 on the east of the FOV to beam 0 on the west). Detailed data from beam 5 (highlighted in Fig. 1b) will be presented below. The geomagnetic ®eld lines from Equator-S have been mapped to the ionosphere using the Tsyganenko 89a model for the actual Kp value of 0. This model predicts the spacecraft to have been on open ®eld lines during the interval 0900±1300 UT, whereas the magnetometer data show that Equator-S was located on magnetospheric ®eld lines around the time of the FTE observation at~1020 UT. It has therefore been assumed that the continuation of the ground track from 0900 UT along a smooth arc (dashed in Fig. 1b) will place the footprint of Equator-S during the FTE observation near the far ranges of the radar adjacent to beam 0.
Results
The observations are shown in Fig. 2 , where the Equator-S ®eld and CUTLASS velocity data span the interval 1000±1100 UT, while the WIND magnetic ®eld and dynamic pressure data have been shifted by the estimated propagation delay of 77 min to the subsolar magnetopause. The top three panels show the IMF components in GSM coordinates measured by the WIND spacecraft over the interval 0843±0943 UT. At the start of the interval B z was northward (and had been so nearly continuously for more than the previous hour), B y was positive, and B x was near zero. At 0851 UT (arrowed, corresponding to~1008 UT at the subsolar magnetopause) B z turned consistently but weakly southward (~A0.5 nT), followed by stronger southward ®elds (~A2 to A3 nT) at 0903 UT (also arrowed,~1020 UT at the subsolar magnetopause). Shortly before the latter increase, at 0901 UT, a 25% increase occurred in the solar wind dynamic pressure, shown in the fourth panel, from 1.4 to 1.8 nPa. The IMF then returned to a northward con®guration at 0925 UT (~1042 UT at the subsolar magnetopause).
The model magnetopause shown by the solid line in Fig. 1a corresponds to interplanetary conditions typical of the start of the interval in Fig. 2 (dynamic pressure P=1.4 nPa and B z =1 nT), while that shown by the dashed line corresponds to conditions after the southward turn of the IMF and the pressure increase (P=1.8 nPa and B z =A3 nT). The spacecraft at apogee is thus expected initially to lie inside the magnetopause, whilst the combined action of the¯ux erosion associated with the southward IMF and the increased pressure is expected to bring the boundary close to the spacecraft. Flux erosion is the dominant eect according to the Roelof and Sibeck (1993) , model, reducing magnetopause distance by 1.5 R E compared with 0.5 R E predicted for the pressure increase. The centre three panels of Fig. 2 then show the Equator-S magnetometer data in boundary normal (LMN) coordinates, de®ned by using a R&S magnetopause typical of the interval as a whole (P=1.25 nPa and B z =0 nT), though the results are not sensitive to the exact choice. N is the component normal to the magnetopause, positive outwards, L is tangential to the magnetopause so that the N-L plane contains the Z GSM axis, and M is the orthogonal westward component. For comparison with the IMF data, L is similar to Z GSM, M to AY, and N is a combination of X and Y due to the pre-noon location of the spacecraft. As expected from the above, at the start of the interval Equator-S was in the magnetosphere, as indicated by a relatively steady ®eld in the +L direction. A``classic'' bipolar magnetospheric FTE was then observed in the N component, starting at~1018 UT, indicated by the vertical dashed lines. This signature is the primary focus of the present work. If we assume that the FTE resulted from a burst of reconnection in the subsolar region, the propagation delay to the spacecraft would have been just a few (~5) minutes. In this case the FTE would have been formed shortly (~5 min) after the magnetosheath ®eld turned weakly southward at the subsolar magnetopause. We note, however, that the FTE also occurred in approximate coincidence with the estimated arrival of the increased solar wind dynamic pressure mentioned above, which was observed by WIND at~0901 UT. At~1028 UT the spacecraft began a~6-min transit through the presumed magnetopause boundary layer (BL), characterised by disturbed ®eld components indicative of the presence of higher-b plasma. The M component was also de¯ected negative on entry, towards the direction of the magnetosheath ®eld outside. These observations are indicative of a subsequent interval of more continuous magnetopause reconnection, though perhaps with signi®cant variations superposed, as indicated by the FTE-like bipolar N component signatures observed during entry to the layer (1026±1030 UT). A magnetopause crossing (MP) then occurred at 1034 UT, where all the ®eld components changed sense to match the IMF polarity outside. Subsequently, there were two more probable re-entries to BL-like ®elds centred on 1037 and 1042 UT as marked in the ®gure, suggesting that reconnection may still have been in progress until~1043 UT. This was then followed by an excursion into a northward magnetosheath ®eld to the end of the interval.
The CUTLASS Finland radar data shown in the bottom panel of Fig. 2 are taken from beam 5, which points towards the invariant geomagnetic pole, although it is oriented 5°±10°westward of the normal to the local L-shells (Fig. 1b) . Negative velocities (yellow and red) indicate¯ow away from the radar. At the beginning of the interval the¯ows were generally below 200 m s A1 with variable directions. At 1018 UT, in coincidence with the FTE, a transient`¯ow channel event' (FCE) began near 79°magnetic latitude with velocities 400±800 m s A1 away from the radar along the line-ofsight. Simultaneously, the equatorward border of the region of backscatter moved equatorward, indicative of the erosion of closed¯ux if the region of backscatter is related to the region of cusp precipitation . Examination of the¯ow observed in all the radar beams, such as those in the scan at 1022 UT shown in Fig. 1b , indicates that the enhanced¯ow was predominantly westward with a speed of 1000 200 m s A1 . Subsequently, the region of high speed¯ow moved poleward, reaching 82°after 10 min. The equatorward border of the backscatter also recovered poleward during this interval. Overall, this behaviour is entirely typical of the class of dayside transient phenomena studied e.g. by Pinnock et al. (1993 Pinnock et al. ( , 1995 , Milan et al. (1998) and Provan et al. (1998) , and attributed to the ionospheric signature of transient reconnection. Subsequently, as these¯ows died away at~1030 UT at~82°, a new onset of enhanced¯ow commenced at 78°, with westward velocities peaking at 1500 500 m s A1 . This onset occurred~2 min after the spacecraft entered the BL. The equatorward border of the region of backscatter again moved equatorward at the onset of¯ow, and later only partially recovered, consistent with an overall expansion of the polar cap. Finally, the ®eld in the magnetosheath appears to have turned northward at 1043 UT, in agreement with the time-shifted IMF values. The enhanced ionospheric¯ow then died away, reaching values similar to those at the start of the interval by~1049 UT.
Discussion and summary
In this study we have presented the most detailed observations to date of the nearly simultaneous occurrence of an FTE at the dayside magnetopause and transient¯ows in the near-conjugate ionosphere. These signatures were observed a few minutes after a southward turn of the IMF is estimated to have arrived at the subsolar magnetopause, and follow a previous interval of northward IMF in which no such features were observed either at the spacecraft or by the radar. This context strengthens the case that these events were causally linked, and have their origin in a pulse of reconnection at the magnetopause. However, they also occurred in approximate coincidence with the estimated arrival of a modest increase in the solar wind dynamic pressure, such that it is important to examine this as a possible cause of the ®eld and¯ow transients. The radar data show that the transient eects in the ionosphere Fig. 1a The Equator-S orbit for 4 January 1998 in the X-Y GSM plane. The dots indicate the spacecraft position at various UT hours. Two Roelof and Sibeck (1993) model magnetopauses are also shown (see text for details). b The ®eld-of-view of the CUTLASS Finland radar showing ionospheric plasma velocity measurements for the 32 s scan starting at 1021:43 UT on 4 January, 1998, at a sounding frequency of 10 MHz. Beam 5 is highlighted, with beam 0 located on the western edge of the FOV, and beam 15 on the eastern edge. The location of Equator-S for the UT times shown has been mapped along model magnetic ®eld lines to the FOV (solid line) Fig. 2 . From top to bottom we show; interplanetary magnetic ®eld (nT ± GSM coordinates) and solar wind dynamic pressure (nPa) data from WIND; magnetic ®eld (nT ± boundary normal coordinates) at the Equator-S spacecraft; the line-of-sight velocity data from beam 5 of the CUTLASS Finland HF radar, for the interval 10±11 UT on 4 January 1998. The WIND data has been shifted by the estimated 77 minute propagation delay from the spacecraft to the subsolar magnetopause b comprised consistently westward-directed¯ows as expected from the tension eect of the +Y ®eld component in the IMF, together with an initial equatorward motion of the region of backscatter indicative of an equatorward motion of the cusp and the opening of closed¯ux. Subsequently the region of enhanced westward¯ow and the equatorward border of the backscatter both migrated polewards over an interval of 10 min. These characteristics are fully consistent with those expected for a pulse of enhanced reconnection at the magnetopause (Cowley and Lockwood, 1992) . No evidence was found for the azimuthally propagatinḡ ow reversals which would be indicative of a travelling twin-vortex, as would be expected if the transients were formed directly as a result of the pressure change. The data set as a whole is thus fully consistent with the view that the FTE was formed by a burst of reconnection which occurred shortly after the southward turn of the IMF.
Considering the relative timing of the space and ionospheric events, the near-simultaneous appearance of the FTE at the magnetopause and the transient westward¯ow channel in the conjugate ionosphere is compatible with a few-minute propagation of the FTE from an original reconnection site (e.g. in the subsolar region) to the spacecraft, together with a few-minute propagation of the ®eld tension eect along the newly opened ®eld lines to the ionosphere as an AlfveÂ n wave, and from thence into the radar FOV. However, other events with dierent source points may have dierent few-minute relative delays depending upon the propagation paths from the point of origin to the points of observation. The second longer (~18 min) interval of enhanced ionospheric¯ow was initiated~2 min after Equator-S entered the BL, and was probably associated with a more enduring interval of magnetopause reconnection during which the spacecraft passed through the BL and MP (probably several times), and entered the magnetosheath. This¯ow died away~5 min after the magnetosheath ®eld returned to a northward orientation, again consistent with a reconnection interpretation.
